PCR is a universal tool for the multiplication of specific DNA sequences. For example, PCR-based sex determination is widely used, and a diversity of primer sets is available. However, this protocol requires thermal cycling and electrophoresis, so results are typically obtained in laboratories and several days after sampling. Loopmediated isothermal amplification (LAMP) is an alternative to PCR that can take molecular ecology outside the laboratory. Although its application has been successfully probed for sex determination in three species of a single avian Family (raptors, Accipitridae), its generality remains untested and suitable primers across taxa are lacking. We designed and tested the first LAMP-based primer set for sex determination across the modern birds (NEO-W) based on a fragment of the gene chromohelicase-DNA-binding protein located on the female-specific W chromosome. As nucleotide identity is expected to increase among more related taxa, taxonomically targeted primers were also developed for the Order Falconiformes and Families Psittacidae, Ciconiidae, Estrildidae and Icteridae as examples. NEO-W successfully determined sex in a subset of 21 species within 17 Families and 10 Orders and is therefore a candidate primer for all modern birds. Primer sets designed specifically for the selected taxa correctly assigned sex to the evaluated species. A short troubleshooting guide for new LAMP users is provided to identify false negatives and optimize LAMP reactions. This study represents the crucial next step towards the use of LAMP for molecular sex determination in birds and other applications in molecular ecology.
chromosomes; Harris & Walters, 1982) . PCR-based techniques for sex determination mostly rely on the amplification of the sex-chromosome-specific gene chromo-helicase-DNA-binding protein (CHD), located on the sexual W and Z chromosomes (CHD-W and CHD-Z, respectively; Fridolfsson & Ellegren, 1999; Griffiths, Double, Orr, & Dawson, 1998) . CHD-W and CHD-Z show different intron sizes and nucleotide composition, so the PCR amplification using specific primers and posterior fragment isolation by electrophoretic methods serves for sex determination. This standard methodology is nowadays widely used across bird taxa (Morinha, Cabral, & Bastos, 2012; Vucicevic et al., 2013) , and different primers sets have been developed, based on differences in nucleotide composition in regions where PCR primers anneal (Fridolfsson & Ellegren, 1999; Griffiths et al., 1998; Lee et al., 2010; Wang & Zhang, 2009; Wang, Zhou, Lin, Fang, & Chen, 2011) .
A major constraint of PCR protocols is that they require thermal cycling (for denaturation, primers annealing and DNA synthesis) and electrophoresis (to visualize PCR results). Therefore, the sex is not known until samples have been analysed in specialized laboratories, usually away from the sampling areas. This requires the transport of samples and usually implies that sex determination may take several days after collecting the samples. Although high-resolution melting analysis is an accurate technique for sex determination in birds (Faux, McInnes, & Jarman, 2014; Morinha et al., 2013) , hand-held devices for quantitative PCRs required for a portable solution are still expensive and made these protocols unaffordable for most laboratories. Loop-mediated isothermal amplification (LAMP; Notomi, Mori, Tomita, & Kanda, 2015; Notomi et al., 2000) can lift these constraints on time, space and resources. Lee (2017) reviewed the application of LAMP method concluding that it "promises to revolutionise how molecular ecology is practised in the field," not only for sex determination but potentially also for other applications, for example, the detection of cryptic species or the monitoring of diseases and parasites. Furthermore, as LAMP is reported to be ten times more sensitive than PCR (Hamburger et al., 2013) , LAMP might bring advantages in the analysis of samples containing little DNA, such as noninvasive samples, museum samples or eDNA, and may do so both in the laboratory and in the field (Lee, 2017) . Finally, because LAMP is an easily implemented yet accurate DNA amplification and diagnosis tool, it can be used by researchers in parts of the world with the only need of basic molecular biology equipment.
LAMP is a single tube technique for amplification and synthesis of DNA using a single temperature. This is due to the Bst polymerase, an enzyme that allows an auto-cycling DNA strand displacement and, therefore, it does not require the denaturation, annealing and extension cycling of DNA as in PCR. LAMP requires two pairs of primers that recognize six different regions flanking the target region to synthesize a product of stem-loop DNA amplicons in the same strand (see Supplementary Material S1 and fig. 1 in Tomita, Mori, Kanda, & Notomi, 2008) . In birds, sex determination based on LAMP requires a female-specific and a control molecular marker.
The first primer set targets a fragment of the CHD-W, so positive LAMP reactions will be characteristic of females. The second primer set should target a DNA fragment located in any region shared between male and female genomes (e.g., CHD-Z or a highly conserved autosomal sequence) and it is used as a positive control for DNA quality and/or to monitor LAMP reaction (i.e., a lack of a positive result means the assay failed), avoiding false negatives.
The development of a fully operational field technique based on LAMP is possible by three main features. First, the reactions are isothermal so do not require a thermal cycler. Instead, a thermoblock or water bath (which can be, e.g., connected to the lighter or battery of a vehicle) is used for incubation at a single temperature.
Second, LAMP products can be stained and easily checked by the unaided eye using turbidity (Mori, Nagamine, Tomita, & Notomi, 2001 ), pH-sensitive dyes (Tanner, Zhang, & Evans, 2015) or metal indicators (Tomita et al., 2008) . Consequently, it does not require any special laboratory techniques such as electrophoresis, and can provide rapid results in situ. Third, primers of LAMP can be vacuumdried and hydrated directly with LAMP reagents mixed prior to LAMP reaction. These reagents can be mixed with stabilizers (sucrose) to preserve enzyme activity, so no special storage conditions (e.g., low temperatures) are required. The latter is an advantage not only for fieldwork, but also because it facilitates enormously the shipment of reagents. Centeno-Cuadros, Abbasi, and Nathan (2017) validated these three main advantages over PCR-based methods for sex determination in three raptor species from the Family Accipitridae [Gyps fulvus (Hablizl, 1783), Neophron percnopterus (Linnaeus, 1758) and Milvus migrans (Boddaert, 1783)], and showed the suitability of this (relatively) easy, portable and quick (less than 90 min, including DNA extraction) technique for sex determination under field conditions. However, whether this technique can be adapted to determine sex in other species from other Families and Orders of birds and thereby can claim to be a general, competing technique for molecular sexing, remains unknown.
Here, we design and test primer sets for LAMP-based sex determination across a broad range of taxa of Neognathae, the clade including all modern birds with the exception of the flightless ratites (ostriches, kiwis, etc.) and the tinamous. We first designed and tested a highly conserved primer set for species across 12 taxonomic Orders (Anseriformes, Caprimulgiformes, Charadriiformes, Falconiformes, Gruiformes, Passeriformes, Pelecaniformes, Podicepediformes, Procelariformes, Psittaciformes, Strigiformes and Suliformes) (Objective 1). In addition, we designed a primer set to amplify an ultraconserved element to be used as a positive control for DNA amplification, to help discard false negatives (i.e., misleading males) (Objective 2). The optimization of this technique and the resulting successful application to a subset of Orders suggest that the LAMPbased approach is potentially extensible to all modern birds (Neognathae). As nucleotide identity is expected to increase among more closely related taxa (thus facilitating primer design), we also designed specific primer sets for LAMP reactions for particular Orders and Families (Objective 3). We first focused on diurnal raptors (Order Falconiformes) and parrots (Family Psittacidae) because of their major conservation and commercial interests. About one-third of the parrot species of the world are threatened with extinction, as well as a number of raptor species (Donald, Collar, Marsden, & Pain, 2010) , and knowing the sex of individuals can be crucial for both ex situ and in situ research and conservation programmes Lambertucci, Carrete, Speziale, Hiraldo, & Don azar, 2013 
| MATERIAL AND METHODS

| A "primer" on primer design for LAMP
We designed the forward and backward internal primers (FIP and BIP, respectively) to produce a looped structure every time a new FIP/BIP anneals and synthesizes a new DNA sequence. Two external primers (F3/B3) are involved in the strand displacement, which is directly related to the formation of the loop caused by FIP/BIP. As our interest was focused on primer design applicable across different taxonomic levels (Orders and Families), we first aligned all available sequences per taxon and choose one of the following two approaches. When the DNA sequence length and distribution of polymorphic sites met the standards required by PRIMER EXPLORER version 4 software (Eiken Chemical Co., Ltd., Japan; http://primerex plorer.jp/e/), we used the "designing common primer using multiple alignment" option to target the newly designed primers to relatively well-conserved regions in the consensus sequences within the taxonomic level under consideration. However, when highly polymorphic regions across relatively short fragments did not meet these standards, we used PRIMER3 (Untergasser et al., 2012) and recommendations by Tomita et al. (2008) to design alternative custom-made primers ("manual method"). Independent of the method applied for primer design, primer selection always requires a number of LAMP experiments for optimization of time and temperature prior to rejection or acceptance of any primer set for sex determination.
| Primer design for sex determination
The female-specific marker for sex determination of species within the superorder Neognathae (primer set "NEO-W," see Tables 1 and   2) and FAL-W primers were designed using the "manual approach" and PRIMER EXPLORER version 4, respectively.
We used a 461-bp fragment of highly conserved DNA in the socalled ultraconserved element (UCE) (99.9% identity) located on chromosome 6 of birds (UCE4126 in McCormack et al., 2013) to design a primer set (UCE, Table 1 ) to be used as a positive control for DNA quality and/or to monitor LAMP reactions. Similarly, we also designed specific primers to be used as positive control for Falconiformes (primer set FAL-Z) based on CHD-Z sequences of all raptor species found in GenBank (see Supplementary Material S3).
We extracted DNA from blood samples of one male and a female of 42 species to find conserved regions within bird families and target LAMP primers. A "salting-out" protocol (M€ ullenbach, Lagoda, & Welter, 1989) was used with an addition of LiCl precipitation and chloroform extraction for protein removal (Table 2) . Next, we ran a single PCR per sample for sex determination using PCR conditions described in Centeno-Cuadros et al. (2017) and primers reported in Table 2 . The specific fragment of females (CHD-W) of Ciconiidae, Estrildidae, Icteridae and Psittacidae was isolated from the agarose gel using the Isolate II PCR and Gel Kit (Bioline) following the manufacturer's instructions. Sequencing and assembling conditions are described in Centeno-Cuadros et al. (2017) . We designed primer sets based on the consensus sequence obtained after aligning CHD-W sequences per species within Families (Ciconiidae, Estrildidae, Icteridae and Psittacidae, hereafter primer sets CIC-W, EST-W, ICT-W and PSI-W, respectively) and after aligning CHD-Z sequences (primer sets CIC-Z and ICT-Z) ( Table 2 ) (GenBank Accession nos KY441616-KY441639). PSI-W and EST-W were designed manually, whereas primer sets CIC-W, CIC-Z, ICT-W and ICT-Z were designed using PRIMER EXPLORER version 4.
| Optimization of LAMP reactions
Our aim here was to validate the application of different primer sets across taxa so we did not test the portability of LAMP and its application under field conditions, as already shown in Centeno-Cuadros et al. (2017) . Accordingly, all LAMP reactions were performed under controlled laboratory conditions using DNA templates of one male and one female (PCR-based sex determination from previous studies) of 42 species (from 12 Orders and 23 Families; see Table 2 ). All The LAMP reaction was run with the enzyme buffer EB2 (see text).
and 63°C. Therefore, we first fixed the incubation time to 60 min and tried every primer set in a range of temperatures (57, 59, 61, 63°C | 7 see Figure 1 ). We hypothesize that despite primers anneal in highly conserved regions, the annealing conditions vary between taxa due to the nucleotide variation, which influences relevant LAMP standards such as melting temperature, change in free energy and GC content. The primer set designed to target the ultraconserved element (UCE, see Section 3.2) amplified in nine of these ten Orders (all orders except Procelariformes) as well as in Gruiformes and Pelecaniformes (see Table 2 within the taxon under evaluation was also possible using NEO-W (see Table 2 ).
The optimal temperature for incubation was not constant across taxa and markers and needed to be determined experimentally. For example, it varied between markers (e.g., CIC-W and CIC-Z required different temperatures), between markers within species (e.g., CIC-W amplified in White Storks at any temperature between 59 and 65°C, whereas amplification with CIC-Z was restricted to 63°C) and within markers between species (e.g., NEO-W discriminates males from females in Northern Gannet 
| Reliability of LAMP (Objective 4)
With respect to reliability and error rate, sex determination of the 24 individuals of Ficedula hypoleuca (Order Passeriformes) using NEO-W fully matched PCR-based sex determination and accurately assigned sex to all individuals (15 males and 9 females). Instead, we selected 12 Orders and designed a primer set based on conserved genetic similarity within CHD-W (NEO-W). This primer set yielded a high probability of successful molecular discrimination between females and males for species across the avian phylogeny.
Primer set NEO-W was confirmed as a marker for sex determination, and is expected to be valid for a high proportion of the avian diversity.
Additionally, we also show how primer sets can be developed and tested for lower taxonomic levels, so that LAMP can be tailored to specific study systems (see Section 3. Although there are 42 Orders within Neognathae (Jarvis et al., 2014) , this is a promising result due to the relatively high success rate (see Table 2 ), and also because the ten Orders tested here are distributed along the bird phylogeny, reinforcing the choice and identity of the CHD-W region selected for this work. Likewise, primer set UCE amplified an ultraconserved element located in chromosome 6 in both males and females in at least one species in 10 of the 12 tested orders (see Table 2 ) and poses it as a suitable marker to be used as positive control in LAMP-based sex determination. For those species that did not yield positive amplification using primer set UCE, we suggest to use the guidelines reported above for primer design based on any of the ultraconserved elements reported in
McCormack et al. (2013).
We also developed and successfully tested some primers for specific Orders and Families that include species with conservation and economic interests, such as raptors (Falconiformes), parrots (Psittacidae), storks (Ciconiidae), estrildid finches (Estrildidae) and New
World Blackbirds (Icteridae). Success rate in LAMP-based sex determination increased significantly when LAMP primers were designed to taxonomic levels lower than Orders. For example, primer set PSI-W was tested in 11 species of Psittacidae (see Table 2 ) and it efficiently discriminated between females and males in seven species. Nonetheless, caution must be taken prior to rejection of any primer set, as a failure in a LAMP-based sex determination can be attributed to lack of further optimization of the technique (incubation time and temperature) (see Section 4.1 below). The Family Psittacidae comprises most of the species within the Order Psittaciformes and the average divergence among genera occurred between 7.5 and 18 Mya (Tavares, Yamashita, & Miyaki, 2004) . Another specific primer set for raptors (FAL-W) determined sex in all the nine species of Accipitridae tested, a Family showing ca. 20% of nucleotide divergence in cytochrome b
(min: 5.0%; max: 34.6%) (Lerner & Mindell, 2005) . Interestingly, FAL-W also worked in Cathartes aura (Linnaeus, 1758) (Family Cathartidae)
confirming the validity of this primer set across taxa within the Order in situ truly worth this three times investment will depend on the study system, access to laboratory facilities and urge. LAMP reactions can be optimized to save Bst and Betaine and a different method for the detection of the amplified product will cheapen this technique (e.g., Goto, Honda, Ogura, Nomoto, & Hanaki, 2009) . We believe the growing use of LAMP will decrease the cost difference between both techniques. Until then, the choice of LAMP over PCR will be linked to the requirement of an in situ diagnosis tool than economic reasons.
| Troubleshooting LAMP
This article summarizes the main experiences obtained after running several thousand LAMP reactions using different primer sets, samples and DNA extracts. Despite the growing application of LAMP to other disciplines (e.g., Abbasi, King, Muchiri, & Hamburger, 2010; Fukuta et al., 2014; Nyan et al., 2014) and the technical descriptions of the whole procedure (reviewed in e.g., Zhang, Lowe, & Gooding, 2014) , we found almost no how-to or troubleshooting guides helping CENTENO-CUADROS ET AL.
new LAMP users to set up LAMP reactions in their study systems (but see, e.g., Notomi et al., 2000 Notomi et al., , 2015 Tomita et al., 2008) . In this section, we provide some basic guidelines to facilitate the implementation of this technique within the Life Sciences.
| DNA
We have observed false-negative LAMP reactions due to DNA excess and/or presence of inhibitors, commonly found when DNA extractions are not followed by purification [e.g., hotshot NaOH protocols (Truett et al., 2000) ] 
| Primers
As in PCR, primers for LAMP reactions must meet some standards related to melting temperature (T M ), change in free energy (DG, related to the stability at the end of the primers), guanine-cytosine content (GC content) and distance between primers (see PrimerExplorer manual at http://primerexplorer.jp/e/ and recommendations therein). LAMP-based amplification of the targeted CHD-W fragment will be influenced by a combination of any of these parameters and, ultimately, to the nucleotide differences between primer/template DNA sequences. Whereas primer design is a straightforward procedure using the PrimerExplorer engine in most of the cases, the user must consider the "manual approach" (see Section 2.2) when dealing with relatively short sequences (e.g., <200 bp). In these situations, we recommend to select the F3/B3 primers at the most upstream/ downstream location with a T M between 55 and 65°C (this temperature will differ from the incubation temperature used for LAMP reaction). F2/B2 and F1c/B1c should ideally be nested within the F3/B3 primers (although some overlap between the primers sequences might also work e.g., see figure 1 in Abbasi et al., 2010) there is no option to move upstream/downstream the template for the annealing of the primer). In this scenario, lowering the commonly used 1:8 ratio of the outer/inner primers may improve the rapidity and reproducibility of LAMP reactions.
| Incubation time and temperature
Undoubtedly, the optimization of LAMP reactions is necessary to find the optimal incubation time and temperature to discriminate between target and nontarget DNA regions. This temperature usually oscillates between 50 and 65°C and as a "rule of thumb" increasing concentrations of betaine or preservants (e.g., sucrose to stabilize the ready-mix reagents and storage at room temperature, 
| CONCLUSION S AND FUTURE WORK
We have successfully designed and tested 10 primer sets for loopmediated isothermal amplification based on conserved regions of the avian sexual Z and W chromosomes and an ultraconserved element on the autosomal chromosome 6 (Tables 1 and 2 ). 
